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ABSTRACT  
In this work, we show that the direct integration of ultraviolet metal-dielectric filters with Si sensors can improve 
throughput over external filter approaches, and yield devices with UV quantum efficiencies greater than 50%, with 
rejection ratios of visible light greater than 103. In order to achieve these efficiencies, two-dimensional doping methods 
are used to increase the UV sensitivity of back-illuminated Si sensors. Integrated filters are then deposited by a 
combination of Al evaporation and atomic layer deposition of dielectric spacer layers. At far UV wavelengths these 
filters require the use of non-absorbing dielectrics, and we have pursued the development of new atomic layer deposition 
processes for metal fluorides materials of MgF2, AlF3 and LiF. The performance of the complete multilayer filters on Si 
photodiodes and CCD imaging sensors, and the design and fabrication challenges associated with this development are 
demonstrated. This includes the continued development of deep diffused silicon avalanche photodiodes designed to 
detect the fast 220 nm emission component of barium fluoride scintillation crystals, while optically rejecting a slower 
component at 300 nm.  
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1. INTRODUCTION  
The detection of ultraviolet light often takes in place in the presence of a strong background of visible or solar radiation. 
For many applications this longer wavelength light is effectively a source of noise, and it is desirable to suppress this 
signal while maintaining sensitivity in the UV. One approach to accomplish this is through the use of wide-bandgap 
semiconductor materials in either photoemissive type detectors (i.e. photomultiplier tubes or microchannel plates), or in 
solid-state devices like photodiodes. Photoemissive detectors often possess low quantum efficiencies (< 30%) at UV 
wavelengths, require high-voltage operation, and are not suitable for use in magnetic fields. Wide-bandgap, visible-blind 
photodiodes have been demonstrated in materials systems like Al1-xGaxN and SiC,1-3with demonstrated QE’s greater than 
50%.4 However, these devices are often performance-limited by materials quality issues, and are not commonly 
available in the large arrays needed for high resolution imaging and spectroscopy applications. 
Silicon detectors have a more extensive development background drawing on historical advances in the microelectronics 
industry. A large variety of Si detector devices are commercially available ranging from simple planar photodiodes, 
avalanche photodiodes (APD), and large-area imaging arrays like CCD or CMOS sensors. These detectors have seen 
widespread use at visible wavelengths for a large number of consumer, scientific, and industrial applications. Two issues 
as indicated in Figure 1 have traditionally limited the achievement of high UV sensitivity in Si systems. First, Si 
possesses a naturally high reflectance at far ultraviolet (FUV, λ=90-200 nm) wavelengths, limiting theoretical QE in this 
range to 30-40% without the use of anti-reflection coatings. The second issue resulting from the same optical properties, 
is the shallow absorption depth of FUV photons in Si. When UV photons are absorbed at the surface of Si sensors, the 
resulting charge carriers can become trapped in surface states that naturally occur at the Si-SiO2 interface, further 
limiting UV QE. 
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Figure 1. (left) The modeled reflectance of silicon with and without a native oxide layer. (right) The modeled absorption 
depth of photons in silicon based on the same optical constants. The shaded region highlights wavelengths of interest for 
this work (~125-225 nm) 
The second issue can be addressed through the use of two dimensional (or delta) doping methods developed at JPL. This 
technique involves the use of molecular beam epitaxy to grow atomically thin, highly doped Si layers on the surface of 
Si sensors. This modifies the surface electronic band structure to eliminate the trapping effects of surface states. These 
2D doping methods have been demonstrated on a variety of Si sensor formats and have been show to achieve 100% 
internal QE across all UV wavelengths.5-7 Multiple 2D doped layers (or superlattice structures) can also be employed to 
provide additional passivation against higher interface state densities.8 
Additional UV losses from the high reflectance shown in Figure 1 can be recovered in part through the use of anti-
reflection coatings.9 Previous work at JPL has demonstrated CCDs operating at FUV wavelengths with simple single 
layer AR coatings that can yield QE > 50% across the FUV by combining variable coatings covering 25-50 nm of 
bandwidth each.10 Despite the relatively constant reflectance and absorption depth, covering the entire FUV with a single 
AR coating design is challenging because the refractive index of Si is widely varying in this range. More complex 
dielectric multilayer structures are typically not available in this range to due to the lack of lossless high-index optical 
coating materials in the FUV. For example, typical high refractive index optical thin films like HfO2, TiO2, and ZnS 
become strongly absorbing at wavelengths between 250 and 300 nm. 
These methods to produce high UV QE in Si sensor platforms also generally maintain high QE throughout the visible 
portion of the spectrum. In applications where visible or solar blindness is required, selectivity can be obtained via 
external filtering but the same material challenges become apparent at FUV wavelengths. Complex multilayer dielectric 
structures are again limited to λ > 250 nm, and typically lack the bandwidth required to provide blue or UV throughput 
while simultaneously providing rejection over the entire remaining portion of the Si bandpass. Metal-dielectric filters, or 
Fabry-Perot filters, operate on a phase-matching interference principle that can provide broad out-of-band rejection. An 
example of such a filter is illustrated in Figure 2; metallic Al reflector layers are separated by a transparent spacer in 
order to destructively phase match the reflection and maximize transmission at the design wavelength. When operated at 
the lowest order (minimum spacer thickness), these filters provide extended out-of-band rejection for wavelengths not 
subjected to same interference.  
Such filters are routinely used in a variety of commercial and space applications where broad long wavelength rejection 
is required.11-14 The drawback of such structures is that large rejection ratios require an increasing number of filter 
cavities, and cumulative losses begin to limit peak UV transmission. For example, commercial bandpass filters can 
operate with high efficiency (> 60% transmittance) over portions of the near UV (NUV, λ=200-400 nm) spectrum, but 
generally provide only 10-30% maximum transmittance at FUV wavelengths for out of band rejection ratios greater than 
103. Even when combined with AR-coated Si sensors, the cumulative system throughput would therefore be limited to 
approximately 10-20%. 
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HF-BASED METAL FLUORIDE ALD PROCESSES 
Material  Co-reactant with Anhydrous HF   Tsubstrate (°C)  ~λ Cutoff (nm)  
MgF2  bis(ethylcyclopentadienyl) magnesium  100-250  115-120 
AlF3  trimethylaluminum  100-200  105-110 
LiF  lithium bis(trimethylsilyl)amide  100-200  95-100 
 
Figure 2. Illustration of a five-layer metal dielectric bandpass filter. For a transparent substrate, this structure forms a single 
Fabry-Perot cavity. When integrated directly on silicon detector, the reflective substrate now acts as an additional cavity to 
improve either out-of-band rejection or in-band transmission. In this work aluminum layers form the reflective elements of 
the traditional Fabry-Perot structure, with deposited transparent dielectric layers as the spacers. 
Previous work in our lab has demonstrated that the application of these metal-dielectric filter structures directly onto the 
Si sensor surface can result in significant performance gains over stand-alone approaches.15 In this case, the high UV 
reflectance of Si is beneficial to the performance of the filter structure by acting as an additional partially-matched 
cavity. Five layer filter structures like the one shown in Figure 2 form an effective double cavity, but without the loss 
associated with the third reflective layer (now the silicon surface). Initial demonstrations of these filters have been made 
on 2D-doped Si APDs at a design wavelength near 200 nm utilizing spacer layers of Al2O3 deposited by atomic layer 
deposition (ALD). The subsequent sections of this report describe the development of new ALD processes to extend the 
performance of these integrated filters to shorter UV wavelengths, the continued optimization and characterization of 
Al2O3-based filters on large area Si APDs for band selective readout devices in a UV scintillation system, and the initial 
demonstration of AlF3-based filters on Si CCDs for applications at λ < 200 nm. 
 
2. ATOMIC LAYER DEPOSITION PROCESS DEVELOPMENT 
Our development of metal dielectric device-integrated filters (MDDIF) has relied on the use of ALD to deposit the 
transparent spacer layers. The use of ALD ensures coating thickness uniformity and repeatability, which is important for 
the small thicknesses required for UV applications (λ/4 < 50 nm) and for the coating of large area (> 100 mm diameter) 
substrates. Previous work at JPL has also demonstrated that ALD is an effective method for preserving the passivating 
properties of the 2D-doped Si surface. These passivation layers can be damaged by ‘energetic’ deposition methods like 
reactive sputtering.16 ALD processes utilize alternating, self-limiting surface reactions to deposit material one atomic 
layer at a time. In order to deposit a specific material, the chemistry needed for efficient self-limiting surface reactions 
must be viable; as opposed to physical vapor deposition methods where the bulk crystal of the desired material can often 
be used as the source. Many reported ALD dielectric deposition processes are restricted to metal oxide and nitride 
materials utilizing water vapor as an oxygen source, and ammonia or nitrogen-containing plasmas as a nitrogen source. 
Aluminum oxide is the most common ALD material and is an appropriate spacer material choice for this MDDIF 
application at λ > 190 nm because it is relatively lossless at these wavelengths, and it is index-matched to the oxidation 
that naturally occurs on the metallic Al layers. 
Table 1. Atomic layer deposition processes developed at JPL for ultraviolet fluoride materials utilizing reaction with 
anhydrous hydrogen fluoride can extend the short wavelength performance of optical thin films deep into the FUV. 
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At shorter wavelengths, lossless dielectric materials are generally limited to metal fluoride thin films, although such 
materials are less commonly reported by ALD methods. Recent research at JPL has led to the development of several 
ALD processes for metal fluorides using anhydrous HF as the fluorine-containing precursor.17,18 The simplicity of this 
ALD chemistry has enabled the demonstration of the metal fluoride ALD processes indicated in Table 1 at temperature 
as low as 100 °C, and with reduced impurity concentration and superior UV optical properties. These developments have 
been employed at JPL in the fabrication of protected aluminum mirrors with coatings of ALD MgF2, AlF3, and LiF 
films.19-22 This work has a natural extension to Al-based MDDIF structures at FUV wavelengths. Figure 3 shows the 
measured optical properties of ALD Al2O3 compared to ALD AlF3 highlighting the improvement in the short wavelength 
cutoff for the fluoride material. 
 
Figure 3. Extracted optical constants for ALD Al2O3 and ALD AlF3. Al2O3 was measured by spectroscopic ellipsomtery 
(SE), AlF3 was measured by a combination of SE and multi-thickness FUV reflectance measurements at shorter 
wavelengths. The fluoride material shows a large wavelength reduction in the onset of strong optical absorption. 
Another attractive element of the HF-based ALD processing is the possibility to incorporate atomic layer etching (ALE) 
processes into this MDDIF development to remove the surface oxidation that occurs on the metallic Al layers. The 
MDDIFs are fabricated with a combination of evaporation for the Al layers and ALD for the dielectric spacers. The 
intermediate exposure in between each layer allows for some oxidation of the Al layers; this is expected to have little 
impact at λ > 200 nm as shown in Figure 3, but becomes increasingly detrimental at FUV wavelengths, especially for 
multiple cavity filters. Using the same chemistry required for the deposition of ALD AlF3 can also allow for the ALE of 
this native Al oxide, and the subsequent capping with AlF3 within the same vacuum chamber. Protected Al mirrors 
fabricated with this approach have shown promising results,23 and we will incorporate this method into our MDDIF 
development as well. 
 
3. APPLICATION TO SILICON AVALANCHE PHOTODIODES 
We have previously reported on the development of Si APDs with MDDIFs for use as a readout device to selectively 
detect the fast scintillation component of BaF2 crystals.8,24,25 This fast scintillation component at 220 nm has potential 
applications in high rate particle physics calorimetry experiments, but BaF2 also produces a larger, slower scintillation 
component at 300 nm. In order to achieve high detection rates, readout devices must therefore suppress this component 
while maintaining high sensitivity at 220 nm. This objective has been pursued via a collaborative effort between JPL, 
Caltech, and RMD Inc. Large area (9-14 mm), deep-diffused Si APDs undergo a 2D superlattice doping process at the 
wafer scale in order to improve UV QE. Following additional processing, a 5 layer MDDIF is also deposited at the wafer 
scale with a combination of ALD Al2O3 and ebeam evaporated Al layers. The blanket MDDIF coating is 
photolithographically patterned and etched to isolate individual devices. Figure 4 shows a wafer scale image of such 
devices prior to dicing. 
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Figure 4. Wafer scale (100 mm) processing of 2D-doped Si APDs with integrated metal dielectric filters. Five layer filter 
structures composed of Al/Al2O3 oxides layers are blanket deposited and post-patterned to isolate individual 9 mm devices. 
Performance characterization of MDDIFs is challenging because end-to-end transmission measurements are not possible 
on non-transmissive detector substrates. Co-deposition on transparent substrates results in a distinctly different 
interference effect as discussed in previous sections, and therefore still requires correlation with model predictions. At 
NUV wavelengths we can characterizes the performance of MDDIFs through a combination of spectroscopic 
ellipsometry (SE) and reflectance measurements. Figure 5 shows an example of a 5 layer (two cavity) MDDIF 
characterized in this way. Our optical model includes layer thicknesses and refractive index models such as those plotted 
in Figure 3; this allows for slight variations in effective layer thickness that differ from the target value due to oxidation 
effects during processing. The model also incorporates secondary effects like Al layer roughness, and interfacial mixing 
between the metal and dielectric layers. This set of parameters is refined to improve the fit with measured data and refine 
subsequent MDDIF deposition targets. 
 
Figure 5. Characterization of five-layer metal dielectric filter deposited directly onto a 2D-doped large-area Si APD. (left) 
Multi-angle SE measurements show the phase-modulated ellipsometric parameters IS =  sin2Ψsin2Δ, and IC = sin2Ψcos2Δ, 
in comparison to an optical model prediction. (right) The same optical model is simultaneously optimized with 
measurements of near-normal reflectance to constrain the overall prediction. 
This refined model can then be compared directly to spectral measurements of the device QE. Figure 6 shows the 
measured QE of an APD in comparison the predicted MDDIF transmission target generated from the analysis in 
Figure 5. For example, this illustrates that the SE and reflectance measurements are able to replicate the slight 
wavelength shift observed in the completed device response relative to the original performance target. These 
comparisons are used to adjust layer thickness targets and optical models, and also to evaluate modifications in device 
process flow to enhance overall transmission. The QE plotted in Figure 6 is scaled relative to the predicted filter 
transmission by 70%. The QE in these APD devices is measured at unity gain, while the devices are intended to operate 
at higher biases yielding effective gain factors up to 2000. When operating at high gain the depletion conditions are 
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distinctly different, and the projected ‘effective’ QE is higher than that measured at unity gain.25 In this sense, the 70% 
scaling factor represents a lower limit to the internal QE of the device and/or the relative transmission of the MDDIF 
structure. Nevertheless, improvements over previous demonstrations are clear, primarily resulting from reductions in the 
cumulative thermal budget experienced by the MDDIF structure during processing. 
 
Figure 6. The measured QE (right axis) of 2D superlattice doped Si APDs with 5 layer MDDIFs in comparison the original 
performance target and the filter transmission predicted from the characterization summarized in Figure 5. 
 
4. APPLICATION TO SILICON IMAGING SENSORS AT FUV WAVELENGTHS 
For applications at λ < 190 nm, alternate spacer materials are required to prevent absorption losses in the MDDIF 
passband. Preliminary structures base on Al/AlF3 multilayers have been fabricated on Si CCDs at target wavelengths in 
the range of 150-175 nm. Figure 7 shows before and after images of a 2D-doped e2V CCD201 device coated with a 5 
layer MDDIF. These devices are electron multiplying CCDs with 13 µm pixels in a 1k x 2k format; they are being 
utilized for variety of FUV imaging and spectroscopy applications at JPL.26,27 The thinned, back-illuminated devices 
undergo the 2D-doping process at the wafer scale.4 Individual devices are isolated following a pad exposure etch process 
which exposes the wire bond pads from the backside of the wafer prior to dicing. This allows for coating and filter 
testing at the die level in order to more quickly screen candidate designs. For MDDIF designs it is necessary prevent 
metal deposition over the bond pads, test devices like the one in Figure 7 are fabricated by physical masking of the Al 
during evaporation. For future devices where wafer scale processing is possible, the MDDIF can be blanket-deposited 
and etched back in a manner similar to the APD devices shown in Figure 4. 
 
Figure 7. Before and after images of a 2D-doped Si CCD with MDDIF structure of alternating layers of Al and ALD AlF3.  
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Figure 8. FUV and NUV reflectance characterization of the device pictured in Figure 7 in comparison with a best-fit optical 
model (dashed line) developed to fit the measured behavior and the corresponding predicted value of transmittance. 
Filter characterization becomes more challenging in the FUV due to the lack of in-house SE capabilities below 190 nm, 
and the additional challenges of precise transmission measurements in this wavelength range. Initial filter performance 
evaluation has been made with measurements of FUV reflectance as shown in Figure 8. Again, refinement of an optical 
model is performed to match the measured behavior and predict the filter transmittance. It is noted that the particular 
device evaluated in Figures 7 and 8 included a thin coating of ALD Al2O3 to protect the 2D-doped surface during pad 
exposure processing. This layer is included in our model in Figure 8 and reduces transmittance by 10-15% at the target 
bandpass wavelengths. Future devices can be fabricated without this oxide layer or alternatively with an AlF3 protective 
layer when processing at the die level. Ongoing work will correlate CCD QE with predicted models in a manner similar 
to Figure 6, as well as evaluate the impact of MDDIF processing on detector dark current and other device properties. 
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